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Abstract: We report on the realization of a high-power, ultranarrow-linewidth, and frequency-
locked 532 nm laser system. The laser system consists of single-pass and intra-cavity second
harmonic generation of a continuous-wave Ytterbium doped fiber laser at 1064 nm in the
nonlinear crystal of periodically poled lithium niobate and lithium triborate, respectively. With
47 W infrared input, 30 W green laser is generated through the type I critical phase matching
in the intracavity lithium triborate crystal. The laser linewidth is measured to be on the order
of sub-kHz, which is achieved by simultaneously locking the single-pass frequency doubling
output onto the iodine absorption line R69 (36-1) at 532 nm. Furthermore, the phase locking
between the laser system and another slave 1064 nm laser is demonstrated with relative frequency
tunability being up to 10 GHz. Our results completely satisfy the requirements of 532 nm laser
for quantum simulation with ultracold atoms.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Continuous-wave (cw) green laser sources play important roles in a broad range of scientific
applications, such as gravitational wave detection [1], optical frequency metrology [2–4] and
fundamental physics [5–7]. With the rapid development of laser and nonlinear conversion
techniques, high power green laser sources with dozens of watts have become commercially
available. The state-of-the-art 532 nm laser system can produce up to 134 W of green laser light
via intracavity second harmonic generation (SHG) with a conversion efficiency up to 90% [8].
This advanced technique benefits the next-generation gravitational-wave detectors such as the
Evolved Laser Interferometer Space Antenna (eLISA) [9] and the Einstein Telescope (ET) [10].
On the other hand, single-frequency narrow-linewidth green lasers have been of great interest
in optical frequency metrology for many years because the saturated absorption lines of iodine
provide a set of relatively narrow and stable optical frequency references near 532 nm. Although
optical lattice clocks have already brought the frequency accuracy down to the 10−19 level [11],
the iodine-stabilized green laser source is still extensively used because of its simplicity and
robustness.
Moreover, the 532 nm laser are particularly suitable for quantum simulation with ultracold
atoms [12] thanks to its short wavelength, high power, and availability; for instance, to realize a
box trap [13,14] or an optical lattice [15,16]. In the case of a box trap, the high power 532 nm
laser is used to isolate the atom cloud in an enclosed space with zero light field intensity. It
is essential to the study of homogenous ultracold quantum gases which shed a new light on
the exploration of Kibble-Zurek theory [17, 18], supersolid states [19], Bogoliubov theory of
quantum depletion [20] and etc. In the case of an optical lattice, a laser with short wavelength
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has special advantage as it provides a short lattice spacing, which results in a fast tunneling rate
characterized by lattice recoil frequency vrec = h/(8ma2) (a is the geometric lattice spacing, and
h is Planck’s constant). This benefits the studies of the thermalization process and super-exchange
dynamics [21] of some heavy elements, such as Erbium [22] and Dysprosium [23]. In addition,
optical super-lattices can be realized by superimposing two standing waves created with 532 nm
and 1064 nm lasers, paving the way for studying novel topological quantum matter [24].
Although the green laser has shown great prospects in ultracold atoms experiments, there are
still many obstacles in the way for driving these sophisticated experiments. Take optical lattices as
an example, the phase noise and frequency drift of the laser could result in a random deformation
of the potential structure, which induces dissipation among motional states [25]. In addition,
sufficient laser power results in a deep optical lattice which can prevent the atoms from tunneling
away during long exposure of resonant imaging light [15,26,27]. Thus, an optical lattice benefits
greatly if ultra-narrow linewidth, stable absolute frequency, and high power are simultaneously
achieved in one green laser source. However, most available high power 532 nm laser sources are
solid-state lasers with a typical linewidth of 5 MHz and wavelength tuning range of several GHz
which do not meet the requirement.
In this work, we report on the development of a high-power, ultranarrow-linewidth, and
frequency-locked 532 nm laser system. The main laser source is a cw high power fiber amplifier
pumped by a Ytterbium doped single frequency DFB fiber laser with a maximum output power
of 50 W at 1064 nm. The output of the fundamental laser is divided into two parts for frequency
locking and generation of the high power 532 nm laser, respectively. To achieve the system’s
robustness and flexibility, the optical setups and servo loops for the two tasks are mutually
independent. Frequency locking and linewidth narrowing are simultaneously demonstrated by
implementing modulation transfer spectroscopy (MTS) to lock the laser onto one of the iodine
absorption line R69(36-1) at 532 nm. The achieved frequency instability is about 30 kHz over a
1000 s measurement time with linewidth being on the order of sub-kHz, which are determined
by the heterodyne beat-note measurements with two identical laser setups. High power 532 nm
laser is yielded via intra-cavity SHG process. Although periodically poled crystals are quite
efficient for SHG process, thermal lensing and thermal dephasing effect strongly affect the
output power and long term stability. Here we choose Lithium triborate (LBO) crystal due to its
large phase-matching bandwidth and damage threshold. Owing to its relatively low nonlinear
coefficients, the enhanced cavity is carefully designed to achieve low astigmatism and high
conversion efficiency. With a two stage locking scheme, we achieve more than 30 W green
radiation with a long-term power stability better than 2.6%. Furthermore, phase locking between
the 532 nm laser and another slave 1064 nm laser is demonstrated, which is a key ingredient for
realizing an optical superlattice.
2. Experimental implementation
The overall layout of the experimental setup is shown in Fig. 1. About 8 mW seed laser (Koheras
ADJUSTIK Y10) is injected into the fiber amplifier (YAR-50-1064-LP-SF), and more than 48 W
of 1064 nm laser light is generated. The laser beam is divided into two by a half-wave plate
(HWP) and a polarizing beam splitter (PBS) for frequency stabilization and high-power SHG
generation, respectively. We first describe the experimental method for frequency stabilization.
Using an aspheric lens L1, about 800 mW of 1064 nm laser is focused on a periodically poled
lithium niobate (PPLN) crystal (Covesion, MSHG1064-1.0-20), which has dimensions of 20
mm×1 mm×10 mm. The crystal is heated to its quasi-phase matching temperature at 134 ◦C with
a stability of ±0.01 ◦C and about 25 mW 532 nm laser is generated. The green laser is collimated
by another lens L2, passes through a dichroic mirror and a band-pass filter to remove the residual
infrared laser component.
The resultant green laser is split into two parts for frequency locking and monitoring,
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Fig. 1. Experimental setup of the 532 nm laser system. The absolute frequency of the master
laser at 1064 nm is stabilized by locking the laser frequency onto the transition line of
molecular iodine. The main output of the infrared radiation is coupled into an external
frequency doubling cavity to generate the high power green laser. The final green laser is
delivered to vacuum chamber for atom trapping. The slave laser setup is used for verifying
the locking performance by characterizing the beat-note, labelled as ¬, and constructing the
optical super-lattice, labelled as ­, respectively. The slave laser setup is identical with the
master laser in the dotted box.
respectively. To eliminate the Doppler background and residual amplitude modulation, the
frequency stabilization is based on the MTS technique [28]. The probe beam and pump beam
counter propagate through the iodine cell with an intensity ratio of 1:10. The pump beam is
frequency modulated by a resonant Electro-Optic Modulator (EOM, Qubig, E0-Tx6M3-NIR),
which is operated at 4.1 MHz. The iodine cell has Brewster-angled windows on the two ends and
a length of 10 cm. To suppress the collisional broadening effect, the temperature of its cold-finger
is stabilized at 5 ◦C using a thermoelectric cooler (TEC) mounted on a copper heat sink. The
iodine spectrum and the error signal for frequency locking are observed by the well-established
Pound-Drever-Hall (PDH) method [29]. Experimentally, we find one of the transition R69 (36-1)
of iodine (18792.53 cm−1) [30] possesses the best spectral performance (slope and capture range),
so it’s adopted for frequency stabilization. Benefitting from the carefully chosen experimental
parameters, the optimized slope of error signal near the transition center is up to 4.6 V per
megahertz with the signal-to-noise ratio being more than 1000:1. Then, the error signal is sent
into a PID controller (10 MHz bandwidth) and fed back to the PZT (20 kHz bandwidth) of the
seed laser. We mention that the free running linewidth of the seed laser is about 3 kHz, and its
phase noise is mainly distributed at low frequency. Thus, such a feedback system fulfills the
requirement for the linewidth narrowing.
To verify the locking performance of the laser linewidth and frequency stability, we build
another independent 532 nm slave laser system. As shown in Fig. 1, for implementing the
heterodyne beat-note linewidth measurements, the frequency stabilization setup of the slave
laser is the same with the master laser. Both the master and slave lasers are locked onto exactly
the same iodine molecular transition. By slightly tuning the zero point of the generated error
signal, we obtain a non-zero beat-note frequency of less than 100 kHz, which could be recorded
by a fast Fourier transform analyser. Figure 2 gives a typical power spectrum density of the
beat-note signal. A full-width at half-maximum (FWHM) of 679(73) Hz is gained through
Lorentz fitting. Next, to characterise the long-term stability of the laser frequency, we take a
1000 s record of the beat-note frequency with a counter gate time of 100 ms (see the inset of
Fig. 2). The peak-to-peak frequency fluctuation is reduced to approximately 30 kHz. These results
undoubtedly demonstrate that we successfully build a 532 nm laser system with a sub-kilohertz
linewidth and high frequency stability.
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Fig. 2. Power spectrum of optical beat-note signal between two identical SHG 532 nm lasers.
The data is captured by a FFT analyser with 125 Hz resolution. The solid line indicates a
Lorentz fit with FWHM of 679(73) Hz. The central frequencies of the beat note signals are
defined as zero for convenience. The inset shows a trace of the beat signal for a long-term of
1000 s.
Next, we present the experimental method for generating high power 532 nm laser. About
47 W light power is coupled into an external frequency doubling cavity with a LBO crystal. As
the thermal lensing effect has little influence on LBO crystal, we follow the Boyd and Kleinman’s
proposal [31] to design the cavity and maximize the SHG conversion efficiency. The bow-tie
cavity is formed by two concave mirrors (M1: curvature radius 132 mm, M2: curvature radius
100 mm) and two flat mirrors (M3, M4). The concave mirrors are separated by 166 mm, while the
flat mirrors are spaced by 144 mm. We position two parallel arms as close as possible (27 mm) to
minimize the astigmatism; here, a folding angle of 10 degrees is achieved. The total cavity length
is approximately 626 mm, resulting in a free spectral range of 480 MHz. The Type-I critical
phase matching LBO crystal with dimensions of 3 mm×3 mm×20 mm is housed in a homemade
copper holder and placed between two concave mirrors. The holder is operated at 25 ◦C with a
temperature stability of ±0.01 ◦C. The beam waist at the center of the crystal is approximately
27.5 µm. This gives a focusing parameter of ξ = 2.86 which perfectly matches the optimum
value of 2.84.
Due to the low effective nonlinearities de f f for the LBO crystal, mode matching of the SHG
cavity, including the spatial and impedance matching [32], becomes crucial for the efficient
generation of the high-power 532 nm laser. A set of spherical lenses (L4, L5) are used to match
the eigenmode of the cavity. Moreover, an appropriate reflectance of input mirror M1 is selected
to maximize the energy density of the fundamental laser. The optical power in the cavity Pcav
can be presented as
Pcav =
T1Pin
(1 − √R1(1 − T1R2R3R4)(1 − ηPcav))2 (1)
where Pin is the input power, Ti and Ri are the transmissivity and reflectivity of the mirrors, and
η is the single-pass frequency-doubling efficiency, respectively. From this equation, it’s found
that R1 does not have a monotonic relationship with the cavity build-up factor Pcav/Pin. In the
experiment, the reflectivity of the input mirror is determined to be 94% for optimal impedance
matching after computational simulation and several attempts.
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Fig. 3. (a) SHG output power (black squares) and conversion efficiency (black circles) versus
fundamental input power. The maximum output power is approximately 30 W, corresponding
to a conversion efficiency of 64%. (b) The long-term stability of SHG output with different
fundamental input powers. The power variation is approximately 150 mW at 4.5 W output
and increases to 780 mW at 30 W output.
Mode locking of the cavity is based on the Hänsch-Couillaud technique [33] by detecting the
phase difference between two polarization modes of the reflection light from the input mirror (M1).
For achieving both fast feedback and wide capture range of the cavity length, the plain mirrors
(M3, M4) are mounted on two piezo actuators with different stokes and response bandwidth,
respectively. The generated error signal is sent into a PID controller (Toptica, FALC110), which
slow and fast outputs are being fed back to the corresponding piezo actuators, respectively. At
the output end of the cavity, a dichroic mirror is employed to separate the generated 532 nm
laser from the residual 1064 nm radiation. Figure 3(a) shows the 532 nm laser power and SHG
conversion efficiency as a function of the fundamental infrared laser power. For each input power
level, we optimize the cavity coupling as well as the electronic control systems. The SHG output
scales almost linearly with the fundamental input power while the conversion efficiency starts
to saturate at around 60%. At the maximum input of 47 W, 30 W of 532 nm laser is obtained,
corresponding to a conversion efficiency of 64%. The limited fundamental power precludes us
from achieving higher second harmonic output. We also measure the beam quality of the 532 nm
laser with a CCD camera mounted on a motorized precision translation stage. The obtained M2
value is 1.12 (1.04) along the x (y) axis, respectively.
To investigate the long-term stability of the SHG output, the 532 nm laser power is measured
over 1 hour with different infrared input powers (see Fig. 3(b)). The results show a good power
stability of our 532 nm laser with the peak-to-peak fluctuation being 150 mW at 4.5 W output and
780 mW at 30 W output, corresponding to a power stability of 2.6%. Furthermore, we observe a
long-term periodical fluctuation on a time-scale of about 23 minutes in each power scale, mainly
due to the power fluctuation of the fundamental input. The high power and ultranarrow linewith
of the laser system allows us to build up a deep 532 nm optical lattice with ultralow noise. For
instance, the atom heating effect that induced by the laser phase noise can be greatly suppressed
by three orders of magnitude compared with those commercial laser sources.
Finally, we show that the achieved 532 nm laser can be phase locked with another fiber laser at
1064 nm with tunable frequency difference, which is a key ingredient for constructing an optical
super-lattice. In this case, the slave laser is no longer locked onto the iodine spectrum, but phase
locked to the master seed laser by an offset phase lock servo. The rapid and precise control of the
relative frequency between the two laser is achieved with a 10 GHz tunability using a homemade
PC-controlled DDS. Figure 4(a) shows the measurement result of the beat-note signal after
phase locking. The power spectral density profile of the beat note signal is fitted with Lorentzian
function, giving a FWHW of 30(2) Hz. Since the frequency fluctuations cause the random change
of the lattice potential, the stability of frequency difference between the two lasers is very crucial
for a superlattice experiment. Therefore, we also measure the long-term stability of the frequency
difference and the peak-to-peak fuctuation is 8 kHz over 1000 s. Considering a typical length
of 30 cm between the retro-reflecting mirror and the atom cloud, the phase fluctuation of the
superlattice can be suppressed to 3.2 × 10−5pi, perfectly meeting the experimental requirements.
For comparison, the power spectrum density of the free-running case is also given in Fig. 4(b),
where a FWHW of 8.2(5) kHz is obtained with dozens of MHz frequency fluctuations.
- 2 0 0 - 1 0 0 0 1 0 0 2 0 0
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
- 3 0 - 2 0 - 1 0 0 1 0 2 0 3 0
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
Nor
mal
ized
 po
wer
 spe
ctru
m
B e a t  f r e q u e n c y  ( H z )
( a )
Nor
mal
ized
 po
wer
 spe
ctru
m
B e a t  f r e q u e n c y  ( k H z )
( b )
Fig. 4. Power spectral density profile of beat-note signal in the phase locking (a) and free
running case (b). The solid lines indicate Lorentz fits with FWHM of 30(2) Hz (a) and
8.2(5) kHz, respectively. The central frequencies of the beat note signals are defined as zero
for convenience.
Although these results satisfy the experimental requirements on the 532 nm laser, the system
still holds great potential for improving. First, we can achieve narrower linewidth and less
frequency drift of the 532 nm laser with a better optical frequency standard. The typical linewidth
of the iodine spectrum near 532 nm is approximately 200 kHz [34]. However, the pressure and
power broadening effects prevent accurate determination of the center of the transition line.
Thus, the temperature of the cold finger and optical power intensity should be further reduced to
suppress these effects. Second, additional locking loops can be set up for frequency and intensity
stabilization, respectively. For example, we can insert an AOM before the green laser enter the
path of frequency locking, the output signal of a fast PID controller can be fed back to the AOM’s
driving frequency, which has much higher frequency response bandwidth [35]. In addition, the
power stability and relative intensity noise of the 532 nm laser is expected to be around 1‰ and
less than -120 dBc/Hz by dynamically controlling the AOM’s modulation depth [36].
3. Conclusion
In summary, we combine single-pass and intra-cavity SHG of a cw Ytterbium doped fiber laser to
produce up to 30W 532 nm laser with a linewidth at sub-kHz level. The ultra-narrow linewidth and
absolute frequency stability of the laser is achived by performing modulation transfer spectroscopy
of molecular iodine and verified through the heterdyne beating measurements. Using a special
designed SHG cavity with LBO crystal, the high-power green laser is generated with the overall
conversion efficiency being about 64%. By selecting appropriate cavity configurations, we reduce
the influence of the astigmatism of optical mode and achieve a beam quality factor M2 of 1.12
(1.04) along the x (y) axis, respectively. Future work will improve further upon the reported power
stability, intensity noise, laser linewidth, and frequency drift. Our work provides an ideal 532 nm
laser system for the quantum simulation with ultracold atoms. With its high power, frequency
stability and tunability, we expect a better study of the Bose and Fermi superfluid mixture [7] in
the 532 nm optical lattices.
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